Abstract. Anopheles triannulatus s.l. is a species complex, however in Colombia its taxonomic status is unclear. This study was conducted to understand the level of genetic differentiation or population structure of specimens of An. triannulatus s.l. from northwestern and southeastern Colombia. Cytochrome oxidase subunit I (COI) and internal transcribed spacer (ITS2) sequence analyses suggested high genetic differentiation between the NW and SE populations. A TCS network and Bayesian inference analysis based on 814 bp of COI showed two main groups: group I included samples from the NW and group II samples from the SE. Two main ITS2-polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) patterns were found. Pattern I is present in both the NW and SE, and pattern II is found in the SE specimens. To further elucidate the taxonomic status of An. triannulatus s.l. in Colombia and how these COI lineages are related to the Triannulatus Complex species, the evaluation of immature stages, male genitalia, and additional mitochondrial and nuclear markers will be needed.
INTRODUCTION
Anopheles triannulatus s.l. Neiva and Pinto (1922) of the Oswaldoi subgroup is widely distributed in Central America and east of the Andes in South America, 1 and in 2005 it was also reported from Trinidad. 2 This species complex is considered a local or secondary vector in Brazil, [3] [4] [5] an important vector in Loreto Department, Peru 6 ; it was implicated as the possible vector during a malaria epidemic in Venezuela, 7 and samples from San Carlos, Cojedes were discovered with natural Plasmodium oocysts. 8 The first evidence for the existence of a species complex within An. triannulatus s.l. came from the observation of morphologic variations of male genitalia, eggs, and larvae. 9 Based on morphology, allozyme, and random amplified polymorphic DNA, three species were proposed: Anopheles triannulatus s.s., Anopheles halophylus, and Anopheles triannulatus C. 10, 11 In Latin America, several population studies have been conducted using various markers in an attempt to establish the taxonomic status of An. triannulatus s.l.; for example, isozymes separated four Brazilian An. triannulatus populations into two groups, with Macapa-Amapa state in one group and Janauri Lake Manaus-Amazonas state, Ji-Paraná -Rondonia state and Aripuanã -Mato Grosso state in the other; the estimated low gene flow probably influenced the sub-population structure. 12 Cytochrome oxidase subunit I (COI) gene sequence analyses of specimens of An. triannulatus from northeast of the Amazon river, central and southern Brazil showed five groups with a significant signal of population expansion, suggesting that these populations were not at equilibrium. 13 Additional analyses of partial fragments of both timeless and cpr genes of specimens of the Triannulatus Complex to assess their genetic variability and divergence showed partial separation between An. halophylus and An. triannulatus C with timeless, whereas cpr sequences showed a clear separation among the three species of this complex. 14 In Colombia, a study reported polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) patterns for the internal transcribed spacer (ITS2) in seven species collected in a locality in the northwestern (NW) region of the country; among them, An. triannulatus s.l. presented a distinctive pattern 15 that was congruent with An. triannulatus s.l. specimens from other NW localities. 16 These results suggested that the PCR-RFLP-ITS2 assay could be used to differentiate An. triannulatus s.l. specimens from the other Anopheles species included in the test, especially among those in the Oswaldoi Group.
Considering that An. triannulatus s.l. constitutes a complex of species that may differ in their ability to transmit Plasmodium spp., and in Colombia this species is widely distributed displaying anthropophilic and zoophilic behavior, [17] [18] [19] [20] the aim of this study was to assess the genetic variability of An. triannulatus s.l. specimens from the NW and SE regions. Mitochondrial DNA (mtDNA) COI sequences were used to address the following questions: 1) What is the level of genetic differentiation or population structure among An. triannulatus s.l. populations from NW and SE Colombia? 2) Is there more than one An. triannulatus COI lineage in these two regions? 3) What is the phylogenetic relatedness between An. triannulatus s.l. lineages from Colombia and Brazil? Additionally, in this study the nuclear ITS2 marker was used to confirm the taxonomic classification of the An. triannulatus s.l. specimens and to determine whether this marker supported the COI results. Tarapaca-TAR (2 53 44 S,  69 45 29 W) in Amazonas Department (Figure 1 ). Specimens were collected using human landing catches under a protocol, along with informed consent forms, approved by the Bioethics Committee for Human Research (Sede de Investigació n Universitaria-SIU) of University of Antioquia. In SPU and PLT some specimens were also collected resting on animals such as dogs or cattle. Anopheles triannulatus s.l. mosquitoes were identified based on morphological features. 21 For each specimen, a photographic record was obtained, and one hind leg and two wings were removed and fixed on a glass slide with Euparal mountant and conserved as entomological support of the Anopheles species collection of the Molecular Microbiology Group, University of Antioquia. The DNA was extracted from individual mosquito abdomens using a salt precipitation protocol.
MATERIALS AND METHODS
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22
ITS2 analyses. All specimens used in subsequent analyses were confirmed as An. triannulatus s.l. by a PCR-RFLP-ITS2 assay. 15, 16 Furthermore, an in silico AluI restriction enzyme analysis using NEBcutter software 23 was performed using 10 ITS2 sequences obtained in this work representative of NW and SE specimens, three from Meta-MET Department available in GenBank (accession nos. HM022422, HM022423, and HM022426) and one sequence from Brazil (accession no. AF462377). 24 This procedure allowed PCR-RFLP-ITS2 pattern prediction and comparison with laboratory results. The PCR-RFLP-ITS2 band sizes were calculated with FragSize 1.0.3 software. 25 Twenty ITS2 PCR products that included the two RFLP patterns obtained were cloned into CloneJET PCR Cloning kit (Fermentas, St. Leon, Germany) or pGEM-T easy vector plasmid (Promega, Madison, WI) and used to transform Escherichia coli strain DH5α, following the manufacturer's instructions. To evaluate intra-individual ITS2 variability, three to five clones from each specimen were sequenced and the obtained sequences were edited with Geneious 5.2 software. 26 All consensuses of the forward and reverse sequences were aligned with the MUSCLE algorithm 27 in Geneious. The ITS2 was annotated for each individual sequence/clone following parameters available in the ITS2 database 28 and the guanine-cytosine content evaluated in Geneious.
MtDNA COI amplification and scheme to rule out co-amplification of numts. For the COI analysis, a 1,300 bp fragment was amplified using primers UEA3 and UEA10. 29 The PCR was performed in a 25-μL reaction volume using 4 uL of DNA and PCR conditions and cycles as previously described. 30 The PCR products were purified using the QIAquick PCR Purification Kit (QIAGEN, Dü sseldorf, Germany) or ExoSAP-IT (USB Corporation, Cleveland, OH). All fragments were sequenced in both directions. Sequences were visually edited and the consensuses of the forward and reverse sequences were aligned with MUSCLE in Geneious 26 and imported into programs for sequence analyses. After editing, sequences were again visually reviewed to check for base calls and confirm variations in nucleotide positions. To rule out for the presence of numts, a MegaBLAST was performed with each sequence to search for identity to sequences available in the databases. The PCR products and chromatograms were carefully observed to detect the potential presences of ghost bands or ambiguities, respectively. Finally, translation of nucleotides to amino acids was carried out to detect stop codons. [31] [32] [33] MtDNA COI phylogenetic analysis. Phylogenetic relatedness and haplotype network analyses were performed in two ways. One used the 814-bp sequences obtained, located at positions 1,900-2,714 on the Anopheles darlingi mitochondrial genome RefSeq GQ918272, 34 34 was used to analyze the phylogenetic relationships of the Colombian and Brazilian COI sequences. Anopheles albimanus (FJ015203) and Anopheles nuneztovari s.l. (Naranjo and others, unpublished data) COI sequences were included as outgroups. A statistical parsimony-based analysis that calculates the maximum number of mutational connections between pairs of COI sequences with a 95% parsimony criterion was conducted in TCS 1.21 software. 37 This method accepts the existence of ancestral haplotypes, which according to the coalescence theory would be the most frequent in a population. 38 To resolve some ambiguous loops in the networks resulting from 814 and 337 bp sequences, several recommendations were followed. 38 For example, if one haplotype was connected to various geographically separated groups, the haplotype was assigned to the group showing the highest frequency of sequences from the same locality. This is because a singleton is more likely to be connected to haplotypes from the same population than to haplotypes from different ones. 38 Additionally, a median-joining haplotype network run in Network version 4.6.1.0 39, 40 and a neighbor-net network in SplitsTree4 version 4.10 41, 42 were estimated. The networks were compared with the Bayesian inference (BI) analysis 43 performed with the COI sequences and also with the concatenated (COI + ITS2) dataset using the Geneious software and for both datasets the model of molecular evolution of Hasegawa-Kishino-Yano, 85 (HKY85) was run using Modeltest 0.1.1 software. 44 For the BI analysis the Markov Chain Monte Carlo algorithm was allowed to run for 20,000,000 generations with a sampling every 1,000 generations after a burn-in of 5,000,000 generations (50,000 trees).
Indices of genetic variation and population structure. Intrapopulation (intra-localities) and interpopulation (inter-localities) genetic diversity was estimated in DnaSP 5.0 45 and Arlequin 3.11 software, 46 taking into account the two possible mitochondrial lineages defined by the previous COI and concatenated (COI + ITS2) BI analyses and COI haplotype network. The three An. triannulatus s.s. sequences from MET were excluded because the small sample size would not produce reliable results. The following estimates of variability were calculated: number of mtDNA haplotypes, nucleotide diversity (π), haplotype diversity (h), and number of polymorphic sites (S). The number of migrants per generation (Nm) among localities and the level of genetic differentiation between the NW and SE lineages measured by the fixation index F ST 47 were calculated in Arlequin and the significance was estimated by permutation tests (10,000 replicates). Analysis of molecular variance (AMOVA) was used to examine variation within, between and among collection sites for each possible lineage. The statistical significance for AMOVA was evaluated using 10,000 permutations. Uncorrected pairwise genetic distances were calculated between and within COI lineages in MEGA software version 5.0. 48 Neutrality tests and parameters of population expansion. To measure deviations from the null hypothesis of constant population size and random mating, neutrality tests of COI sequences were conducted in DnaSP and Arlequin software. Fu's F s values 49 and Tajima's D 50 were estimated by comparing the differences between the number of segregating sites and the average number of nucleotide differences. Fu and Li's D and F statistics 51 were used to compare estimates of based on mutations in internal and external branches of a genealogy. Fu's F s values 49 were used to assess haplotype structure on the basis of haplotype frequency distribution. Mismatch distribution, a frequency distribution of the observed number of pairwise sequence differences, was used to differentiate between a smooth unimodal distribution and a ragged or multimodal distribution. 52, 53 The shape of the distribution is highly informative and helps to determine whether a population is in expansion or equilibrium. The raggedness statistic (r) to quantify the smoothness of the mismatch distribution 54 was calculated in DnaSP. To evaluate the signal of population expansion, three parameters were calculated, ζ (expansion age), 0 and 1 (before and after expansion, respectively) with Arlequin. Time since the population expansion was estimated from t = ζ/2 μ, where ζ (tau) is the date of the growth or decline measured in units of mutational time (ζ = 2 μt; t is the time in generations and μ is the mutation rate per site [sequence size] and per generation). 55 
RESULTS
ITS2 analyses. Specimens identified as An. triannulatus s.l. was confirmed as such by PCR-RFLP-ITS2. From the ITS2 products cloned from five specimens from LET, six from PNA, one from TAR, four from PLT, three from SPU, and one from BAG, three to five clones were obtained per specimen (Table 1) . In silico RFLP-ITS2 analysis showed three patterns. Patterns I and II were observed in sequences obtained in this work (accession nos. JX852283-JX852320) and pattern III corresponded to ITS2 sequences downloaded from GenBank of An. triannulatus s.s. from MET (Figure 2A) . When performing the PCR-RFLP-ITS2 in the laboratory the in silico results were confirmed ( Figure 2B and C). Pattern I is the same as previously described for An. triannulatus s.l. from NW Colombia, 15, 16 with three bands (226, 180, and 156 bp), and was present in both the NW and SE regions ( Figure 2 , Table 1 ). Pattern II of 198, 180, and 155 bp, was found in specimens of the three SE localities (Figure 2 , Table 1 ), however, one specimen from TAR showed a pattern of 218, 177, and 155 bp that, when compared with the larger NW sequences, reveled several deletions and one nucleotide insertion (Table 1 ). In general, the small differences in ITS2 patterns are caused by the presence of indels of distinct lengths and substitutions. Specifically, a deletion of 24 bp present in the sequences with pattern II is the main cause of its differentiation from pattern I (Table 1 ). In addition, the pattern I sequences were similar to the only ITS2 sequence reported in GenBank for An. triannulatus s.l. specimens from Rondonia State, Brazil. 24 The ITS2 GC contents varied from 57.4% in pattern I sequences to 57.8% in those of pattern II; these values are similar to previously reports (58.2%) for the specimens from Rondonia State. 24 There was heterogeneity in ITS2 sizes among specimens. The analysis in the ITS2 database 28 showed that the ITS2 lengths were 434 bp with pattern I, 405 bp with pattern II, and 422 bp for the TAR specimens. Intra-individual variations were detected in An. triannulatus s.l. clones from SPU (2), PLT (3), LET (4), and PNA (8) and were mainly caused by substitutions, whereas insertions and deletions were observed at the interpopulation level (Table 1) . Genetic diversity and numts analysis. An 814 bp COI sequence was analyzed for 286 An. triannulatus s.l. specimens from NW and SE localities yielding 141 haplotypes (acesssion nos. JX852142-JX852282) ( Table 2) . No insertion/ deletion events were observed. The adenine and thymine content (A + T) was 71.2%, similar to other Neotropical anophelines such as An. nuneztovari s.l. (70.2%) 56 and An. albimanus (69.2%) 30 and (70.0%). 57 For the diversity measurements, COI sequences from ZAR and BAG were analyzed together because these sites are only 11 km apart and the Nm estimate detected infinite migrants between them. Mutations were all transitions or transversions, resulting in 115 synonymous changes and four amino acid changes. There were 135 polymorphic sites. The h and π values were very similar for all NW and SE populations, h values were high and ranged from 0.972 to 0.976, and π values were 0.0513 and 0.0518, in the NW and SE, respectively. Intra-population diversity varied in the different localities but was higher in SPU and TAR ( Table 2 ). The methodology implemented to rule out the co-amplification of numts showed no double peaks in the chromatograms and no ghost bands in the electrophoresis gels. The MegaBLAST showed 96% identity of the sequences with those of An. triannulatus s.s. from Meta (GenBank accession nos. HM022387, HM022388, and HM022389), and no stop codons were detected during the translation of each sequence into protein with the 814 bp corresponding to 271 amino acids of the COI protein.
Phylogenetic analysis. The two networks, based on 814 bp ( Figure 3 ) and on 337 bp (not shown), were star shaped with many singletons at the tips. These tip alleles are considered to be more recently derived and geographically restricted suggesting a demographic expansion. 38, 58 No shared haplotypes between the two regions/clades were observed in these networks (Figure 3) .
The TCS, Network, and SplitsTree4 networks and Bayesian performed with the 814 bp COI sequences showed four equivalent separate clades ( Figure 3 and Supplemental file). Clade I included most NW haplotypes, clade II contained SE haplotypes and one An. triannulatus s.l. sequence from Mato Grosso, Salobra, Brazil (the only one available in GenBank with the appropriate size to allow comparison with sequences from this work), although separated from the SE sequences by 10 mutational steps; clade III contained three TAR (SE) and one SPU (NW) haplotypes and clade IV included the three An. triannulatus s.s. haplotypes from MET ( Figure 3) . Haplotypes within each clade differed by one or more mutational steps. The most frequent and ancestral haplotype detected in the NW clade contained 14 sequences, 10 from PLT, and two each from BAG and SPU. Of the eight sequences obtained from SRL specimens, six formed a single haplotype (F6) (Figure 3 ) and two constituted single haplotypes. For the SE clade the most ancestral haplotype was detected in LET (N = 8). There were also multiple haplotypes from PNA (N = 3) and TAR (N = 2) (Figure 3 ). In the BI analyses based on the 814 bp COI sequences, the same four groups that corresponded to clades I-IV of the TCS network were detected; however, the polytomies present did not allow the resolution of intra-group phylogenetic relationships (data not shown). Results of the concatenated (COI + ITS2) Bayesian analysis showed two monophyletic groups, both with fairly modest levels of support (0.60 and 0.53 for NW and SE lineages, respectively) ( Figure 4) . The MET and TAR sequences that correspond to Clades III and IV of the network (Figure 3 ) grouped together with the SE sequences. As in the previous results, the concatenated BI analysis also indicated the presence of two distinct An. triannulatus lineages.
In the alignment of the 814 bp COI sequences of this study with the 475 bp COI sequences from Brazil, 13 a 337 bp overlapping region was obtained. The haplotype network built with these sequences showed all haplotypes connected in two clades because with the shorter sequences several haplotypes collapsed together. Clade I included two major subclades, one contained mainly sequences from SE and the other sequences from Brazil, and within this, the three TAR (SE), one SPU (NW) haplotype, and the three MET-Colombian haplotypes were included. Clade II contained exclusively NW haplotypes (not shown). However, the BI analysis with the 337 bp sequences lacked resolution and unlike the TCS network, only one group was detected containing all haplotypes mixed together (not shown).
Population genetic differentiation and neutrality tests. The F ST values greater than 0.739 between the NW and SE populations indicated high genetic differentiation and subdivision into two groups. The highest F ST value was observed between PNA and BAG/ZAR (0.791) and the lowest, between PNA and LET (0.005). The N m values were higher among populations within each lineage, 1 to 28.8 in NW and 1 to 86.2 in SE, and lower when comparing the two lineages (0.18), indicating high gene flow within NW and SE populations but restricted between the two regions. The AMOVA based on COI haplotype frequencies revealed 73.5% of the total variance was among populations and 25.9% within populations. The COI uncorrected pairwise genetic distances between lineages ranged from 2.3% to 3.3%. The within lineage distances were 1.5% for the NW and 2% for the SE.
The ζ estimates and the current and historical population parameters implied a historical expansion episode for all populations. There were ζ-values greater than zero and a high difference between the initial and final effective population sizes found, with 0 = 0.000 and 1 = 17.446 for the NW lineage and 0 = 0.068 and 1 = 99999.000 for the SE lineage. The ζ estimates for the NW and SE lineages were in the range of 2.373-7.740, suggesting population expansion. 59, 60 Expansions were estimated to have started 36,827 y.a. for the NW and 13,591 y.a. for the SE lineage. These expansions likely occurred during the late Pleistocene Epoch. [60] [61] [62] Significant negative values for Fu's F s and Tajima's D neutrality tests were found for all populations implying population expansion or genetic hitchhiking, 49 and a departure from neutral equilibrium. Mismatch distribution analysis for the NW and SE lineages showed a bimodal distribution ( Figure 5 ), that suggests that the populations may have undergone a bottleneck or colonization events as previously found for An. nuneztovari s.l. subclade II-B. 56 
DISCUSSION
This study was conducted to understand the level of genetic differentiation or population structure of specimens An. triannulatus s.l. from NW and SE Colombia. The two main PCR-RFLP-ITS2 patterns found for An. triannulatus s.l. specimens were not able to precisely differentiate lineages; however, they are still useful to discriminate An. triannulatus s.l. from other anopheline species. In this work, pattern I was found in the NW and SE specimens, but pattern II was only found in those from SE; however, this pattern does not seem to be exclusive to this region because in previous work with An. triannulatus s.l. from NW Colombia a similar pattern has been observed (Correa M, personal communication). The different patterns are the result of insertions, deletions, or substitutions in the sequences that do not affect the AluI recognition site, therefore, conserving the three band pattern typically observed for An. triannulatus s.l. 15, 16 By PCR-RFLP-ITS2 or COI analysis, it was not possible to determine whether An. triannulatus s.l. from NW and SE were An. triannulatus s.s., An. halophylus, or An. triannulatus C. However, the COI and COI + ITS2 based BI analyses, haplotype network, and population genetic differentiation analyses indicated a substantial genetic division in two lineages that coincide with their geographical locations. Various criteria for the identification of lineages have been proposed, 63 among these, monophyly is a criterion for species delimitation under the general lineage concept of monophyletic groups with distinct evolutionary lineages. 64, 65 Thus, results of this work suggest the presence of two basal lineages without gene flow between them, supporting the division between NW and SE populations. These results are important because lineage identification is a necessary precursor to species discovery. 63 It is possible that An. triannulatus s.l. populations from NW and SE Colombia are undergoing speciation, as has been demonstrated for the Anopheles gambiae Complex molecular forms M and S. 66 In addition, the values of intra-population diversity detected (h: 0.972-0.976), indicated that An. triannulatus s.l. populations from the NW and SE Colombia have high genetic diversity. Similar values have been found for other Neotropical anopheline species complex in the Brazilian Amazonian, for example for Anopheles marajoara lineage 1 (h: 0.828), lineage 2 (h: 0.780), 67 and An. nuneztovari s.l. (h: 0.9560). 56 High variability in the sequences may also indicate co-amplification of numts. 68 In DNA barcoding studies, numts co-amplification have been reported in 11 taxa of insects leading to misidentification and an overestimation of species. 68 Few studies on anophelines from South America have determined the presence/ absence of pseudogenes or their influence on the genetic diversity estimates. 57, 69 In this study, the analysis conducted to detect numts showed that the high variability detected is caused by genetic differences and not the result of numts co-amplification. [31] [32] [33] Mitochondrial DNA shows ample signatures of genomic events such as gene flow, migration, bottlenecks, and speciation. 70 In this study, the high level of differentiation and lack of shared mitochondrial haplotypes between An. triannulatus s.l. NW and SE populations indicated an absence of, or very little gene flow between them. However, despite the clear restrictions to gene flow, there was insufficient evidence to define these two groups as distinct species or to relate them to one of the three described species in the Triannulatus Complex (An. triannulatus s.s., An. halophylus or An. triannulatus C). The substantial genetic variation between NW and SE lineages (73.5%) was higher than the one found for the two proposed An. marajoara lineages (61.9%), 67 Therefore, the F ST values for the NW and SE An. triannulatus lineages may also suggest separate evolutionary histories. Similarly, results of the uncorrected pairwise genetic analysis supported the presence of two lineages in these Colombian regions. A 3% value is used as the speciation threshold, 73 however, a lower threshold was set to separate all of the Annulipes Complex species. 74 It is argued that the 3% assessment would minimizing false positives, but it may also generate false negatives, and that intraspecific variation is well constrained in the 2-3% range, 75 values that are comparable to the ones found for the NW and SE lineages.
Results of the neutrality tests, mismatch distribution, parameters of population expansion, and the star-like network showed that NW and SE lineages and populations within each lineage were not in equilibrium, most likely as a result of a population expansion. Similarly, a significant signal of population expansion was found for An. triannulatus populations collected northeast of the Amazon River, central and south Brazil. 13 Fu's Fs values in this study were also higher than those reported for An. darlingi populations of south, central and northeastern Brazil 60 and for An. nuneztovari s.l. clade I and subclade II-C of South America. 56 In addition, a signal of population expansion was found with the ζ estimate and the value was higher (2.373-7.740) than the ones for An. darlingi in the Brazilian Amazonia (1.091-5.628). 60 The estimated time of divergence for the An. triannulatus populations suggested that lineage diversification occurred very recently, during the Pleistocene Epoch. Similar divergence times have been found for other Neotropical anophelines such as An. albimanus, 30, 57, 76 An. darling, 77 and An. nuneztovari s.l. 56, 78 and it had been suggested that climatic changes may be a common force driving Neotropical speciation. The differentiation detected in An. triannulatus s.l. populations from Colombia may have several explanations. First, the genetic variation observed in COI sequences between the An. triannulatus lineages may be influenced by allopatric distribution (potential isolation by distance), or possible reproductive isolation. 79 Furthermore, different lineages/species of the Triannulatus Complex may be present in these regions of Colombia. Geographic barriers have been shown to contribute to the genetic structure of other Latin American anophelines, for example, the Amazon River is a substantial barrier to gene flow among An. triannulatus 13 and An. darlingi populations of the Brazilian Amazon. 60 Geography is widely recognized as a key factor for speciation, 80 it is possible that the Andean mountains that separate the NW and SE An. triannulatus populations are acting as a barrier to gene flow and contributing to the genetic structure detected.
Furthermore, given the wide geographic distribution of An. triannulatus s.l. in Colombia, it will be important to expand the collections to cover localities between the two regions evaluated to search for the connections between the NW and SE lineages. As demonstrated in species phylogenetic analysis, a wide range of sampling can help to address the role of geography in speciation 80 ; it is also necessary to carry out work with immature stages and male genitalia to identify whether different species of this complex are present in Colombia and compare mtDNA and nuclear DNA data to further assess its population structure.
